Abstract: Herbivores that digest plant material in the fore-stomach can be divided in ruminants and non-ruminants. This study describes the distribution of feed particles (and inorganic material) and dry matter (DM) in the digestive tract of non-ruminant foregut fermenters. Results from passage trials led us to hypothesize that specific particle-sorting mechanisms, as observed in ruminants, are unlikely in non-ruminants. Therefore, no systematic particle size distribution effects (indicative of a sorting mechanism) should be evident in the fore-stomachs of these animals, but differences in fluid and particle retention suggest that differences in fluid concentration (measured as DM) could occur in the foregut of macropods and hippos. The gut content of eleven Bennett's wallabies (Macropus rufogriseus), six collared peccaries (Pecari tajacu), three pygmy hippos (Hexaprotodon liberiensis), two common hippos (Hippopotamus amphibius) and one two-toed sloth (Choloepus didactylus) were analysed with an emphasis on the fore-stomach. The ventral and dorsal regions in sacciform compartments, and peripheral and central regions in tubular compartments, were examined. Results were not uniform across the species studied. A potential sedimentation mechanism was observed firstly by the accumulation of sand in the fore-stomach of the peccary and sloth, and secondly by the lower DM content in peripheral versus central and ventral versus dorsal regions of the fore-stomach of the wallabies and common hippos, respectively. However, pair-comparisons for different gut regions of wallabies and peccaries yielded no differences in mean particle size between fore-stomach regions. To conclude, some digesta fractionation does occur in the fore-stomach of the studied groups of non-ruminants, but not in a uniform manner, which in turn is in accordance with morphological dissimilarities of their respective foregut structures. The absence of systematic fractionation effects in non-ruminant foregut fermenters emphasizes the innovative character of the sorting mechanism in ruminants. Herbivores that digest plant material in the fore-stomach can be divided in ruminants and non-26 ruminants. This study describes the distribution of feed particles (and inorganic material) and 27 dry matter (DM) in the digestive tract of non-ruminant foregut fermenters. Results from 28 passage trials led us to hypothesize that specific particle-sorting mechanisms, as observed in 29 ruminants, are unlikely in non-ruminants. Therefore, no systematic particle size distribution 30 effects (indicative of a sorting mechanism) should be evident in the fore-stomachs of these 31 animals, but differences in fluid and particle retention suggest that differences in fluid 32 concentration (measured as DM) could occur in the foregut of macropods and hippos. The gut 33 content of eleven Bennett's wallabies (Macropus rufogriseus), six collared peccaries (Pecari 34
Abstract 25
Herbivores that digest plant material in the fore-stomach can be divided in ruminants and non-26 ruminants. This study describes the distribution of feed particles (and inorganic material) and 27 dry matter (DM) in the digestive tract of non-ruminant foregut fermenters. Results from 28 passage trials led us to hypothesize that specific particle-sorting mechanisms, as observed in 29 ruminants, are unlikely in non-ruminants. Therefore, no systematic particle size distribution 30 effects (indicative of a sorting mechanism) should be evident in the fore-stomachs of these 31 animals, but differences in fluid and particle retention suggest that differences in fluid 32 concentration (measured as DM) could occur in the foregut of macropods and hippos. The gut 33 content of eleven Bennett's wallabies (Macropus rufogriseus), six collared peccaries (Pecari 34 tajacu), three pygmy hippos (Hexaprotodon liberiensis), two common hippos (Hippopotamus 35 amphibius) and one two-toed sloth (Choloepus didactylus) were analysed with an emphasis 36 on the fore-stomach. The ventral and dorsal regions in sacciform compartments, and 37 peripheral and central regions in tubular compartments, were examined. Results were not 38 uniform across the species studied. A potential sedimentation mechanism was observed firstly 39 by the accumulation of sand in the fore-stomach of the peccary and sloth, and secondly by the 40 lower DM content in peripheral versus central and ventral versus dorsal regions of the fore-41 stomach of the wallabies and common hippos, respectively. However, pair-comparisons for 42 different gut regions of wallabies and peccaries yielded no differences in mean particle size 43 between fore-stomach regions. To conclude, some digesta fractionation does occur in the 44 fore-stomach of the studied groups of non-ruminants, but not in a uniform manner, which in 45 turn is in accordance with morphological dissimilarities of their respective foregut structures. 46
The absence of systematic fractionation effects in non-ruminant foregut fermenters 47 emphasizes the innovative character of the sorting mechanism in ruminants. The anatomical structure of fore-stomachs can be of very different shape, diameter and 69 volume. Thus, morphological and systematic groups of foregut-fermenters are each 70 characterized by innovative characters. The 'key innovation' sensu Heard & Hauser (1995) of 71 a sorting mechanism may have led to the high species diversity in extant ruminants as 72 opposed to the generally lower species diversity of non-ruminant foregut fermenters (Langer, 73 1991; 1994) . The sorting mechanism results in a dramatically improved digesta particle size 74 reduction, and hence may also facilitate generally higher intake levels (Schwarm et 
Materials and methods 125
Gut content samples were collected from 11 Bennett wallabies, 6 collared peccaries (all culled 126 as part of surplus population control), and 3 pygmy hippos, 2 common hippos and 1 two-toed 127 sloth (all died for various reasons unrelated to our study). With the exception of the wallabies, 128 which were free-roaming within the zoo site, samples originated from animals kept in typical 129 zoo enclosures. Wallabies were grazing and browsing ad libitum on grass paddocks with 130 trees, bushes, and native plants of temperate chalk downland. Because wallabies were 131 accustomed to the presence of visitors, the feeding behaviour was not restricted to the 132 crepuscule as in free-ranging wallabies (Lentle et al., 1998) . Peccaries were kept in a group 133 of approximately 30 animals and were fed twice daily a mixed diet consisting of fruits, 134 vegetables, cooked potatoes, grass or hay supplemented three times a week with chicks, 135 cooked eggs, grains and concentrates. Pygmy and common hippos were offered twice daily a 136 hay diet and a mixture of fruits and vegetables. The diet of one common hippo was 137 supplemented with rhino and grazer pellets (approx. 15% of DM intake each). The sloth diet 138
consisted of approximately 66% vegetables, 33% pickled rice and wheat, browser pellets and 139 cooked egg. Body mass was measured except for 1 pygmy hippo and both common hippos. 140
Details of the animals are summarized in Table 1 . 141
Because recently consumed food may produce a uniform distribution of particles 142 (Lentle et al., 2007) , we attempted to harvest guts some time after (not during) a feeding 143 period. The wallabies were shot in the morning and kept with ropes in an upright position 144 until and during necropsy. The peccaries were killed by darting and exsanguination in the 145 morning before feeding, and were kept in sternal recumbency until necropsy. Necropsy of 146 wallabies and peccaries was performed within 2 hours after death and ligatures were applied 147 to the various segments so as to prevent displacement of contents by gaseous products of in 148 situ fermentation. Hippos and sloth were submitted for necropsy by the respective zoological 149 gardens and removed guts were stored frozen at -20°C before harvesting of gut content. 150
Physiological positioning of guts during freezing (and thawing) was not guaranteed. The guts 151 of hippos and sloth were filled but the time after feeding is unknown. Samples were taken 152 from fresh or thawed gut content in the different fore-stomach compartments (each sampled 153 ventral and dorsal in the case of sacciform structures or peripheral and central in the case of 154 tubiform structures), from the glandular stomach, and the rectum. In peccaries, the upper 155 blindsac of the fore-stomach was empty in most cases. Hippos and sloths lack a caecum, but 156 in wallaby and peccary the caecum tip was sampled as well. In two out of three pygmy hippos 157 the hindgut was not preserved for dissection, i.e. only one rectum sample was available. 158
Samples were sealed watertight and stored frozen at -20°C until analysis. For visualization of wet sieving results, the particle size distributions of digesta from 176 various gut regions were plotted as frequency histograms. Two approaches were used to 177 calculate the mean particle size of each sample from the retained dry weight on the respective 178 sieves. The continuous mean particle size (cMEAN) was calculated from after fitting a 179 suitable function to the respective cumulative sample data using TableCurve 2D v5.01 (Systat 180 Software UK Ltd., UK) (x-axis: sieve mesh size, y-axis: cumulative percentage of retained 181 particles) (Fritz et al., 2012) . This method considers the area under the curve, which is limited 182 by the maximum particle size. Sometimes, the chosen function did not include the manually 183 measured maximum particle size, and a smaller size had to be accepted. The discrete mean 184 particle size (dMEAN, mm) was calculated by multiplying the proportion of particles retained 185 on each sieve (in % of the mass of particles retained on all sieves) with the calculated average 186 mesh size, then adding up all these products, i.e. particle size is depicted in Table 2 and is summarized together with the DM content in gut 206 drawings in Figure 1 . Significant results of the statistical analyses are given in Table 3 . 207
Comparing the average DM between the rectum and fore-stomach samples, DM in the 208
former was approximately twice as high in wallaby (22 vs. 12%) and sloth (36 vs. 16%). In 209 sloth this is consistent if DM of non-AIA content is compared. In peccaries, the presence of 210 sand led to a high DM in both rectum and fore-stomach samples (64 vs. 58%), but a 211 difference in DM was evident if non-AIA content was compared (32 vs. 13%). In contrast, in 212 pygmy and common hippo no difference in DM between rectum and fore-stomach samples 213 was evident. 214
In wallabies, DM was significantly lower in the ventral than dorsal region of the 215 sacciform fore-stomach and tended (p=0.082) to be lower in peripheral than central regions of 216 the tubiform fore-stomach. In common hippos, DM was lower in the ventral than dorsal 217 region of the tubiform fore-stomach; interestingly DM was exactly the same in each regions 218 of this compartment for both animals, although animals originated from different zoological 219 institutions and were fed with or without a pelleted diet component. In contrast, DM was on 220 average higher in the ventral than dorsal region of the blindsac(s) or did not differ between 221 regions in this sacciform compartment in peccaries (p=0.752), pygmy hippos, common 222 hippos, and sloth. In peccary the pattern is consistent if DM of non-AIA content is compared 223 (p=0.316). 224
Particle size frequency histograms for the gut regions of each species are depicted in 225 Figure 2 . In wallaby, a relatively low variation in the relative proportions of each particle 226 fraction in the different gut compartments was observed compared to the other species. Post-227 pylorus particle size reduction was particularly evident in pygmy hippo and sloth. In the 228 glandular stomach of the pygmy hippos, 26% (N=3) of the food particles was 0.063-0.500 229 mm small, whereas in the rectum 48% (N=1) of the food particles had this range of size. In 230 the sloth these values were 8 and 48%. Accordingly, also the concentration of digesta material 231 finer than 0.063 mm was particularly high in the rectum as compared to the glandular stomach 232 of the pygmy hippo (52 vs. 13%) and sloth (77 vs. 6%; Fig. 3) . 233
In peccaries, mean particle size in the anterior blindsac was smaller than in the 234 connecting fore-stomach compartment. In the connecting compartment of the fore-stomach of 235 wallaby, peccary, pygmy hippo and sloth (but not in common hippo), mean particle size was 236 on average smaller than in the glandular stomach. Neither in wallabies, nor in peccaries was 237 the mean particle size different between ventral and dorsal, or central and peripheral regions 238 of the same fore-stomach compartment (Table 3) . In pygmy hippos the mean particle size 239 was on average smaller in the ventral than dorsal region of the visceral blindsac (p=0. was not associated with a large species radiation, as for example the ruminant or macropod 270 fore-stomach design. The function of sand in terms of particle size reduction by grinding plant 271 material seems unlikely, given the low shear rates generated during alimentary pulsion and 272 retropulsion (Lentle et al., 2002) and the expected deleteriously impact of any such action 273 upon the mucosa. Nevertheless, in the peccary sample of this study, there was actually a 274 negative relationship between the AIA content in a fore-stomach compartment and the 275 particle size of its organic material (n=27, SCC=-0.78, p<0.001). No such relationship 276 between AIA content and mean particle size of organic material was evident in the sloth (with 277 the smaller sample size of n=4, SCC=-0.20, p=0.800). 278
Faecal particle size 280
Mean faecal particle size of the studied animals increased with increasing body mass, but did 281 not differ from non-ruminants given in the literature (Fig. 5 a) p<0.001). It is tempting to speculate that this difference in particle size is related to 288 differences in oral processing. The small digesta particles in wallabies would then potentially 289 be explained by the adaptation of teeth to shearing rather than crushing, by the extensive 290 initial feed comminution (Freudenberger, 1992) and by facultative mericysm, whereas 291 peccaries are constrained in their chewing movements due to their interlocking canines 292 (Langer, 1979). However, in this study, different diets may have contributed to differences in 293 particle size. Whether macropods are more efficient at ingestive particle size reduction than 294 other non-ruminant mammalian herbivores, should be investigated in a large sample of 295 species receiving a consistent diet. 296
297

Differences along the intestinal tract 298
In wallabies, peccaries and the sloth, DM concentration in the rectum was distinctively higher 299 than in preceding sections of the gastrointestinal tract, consistent with the general function of 300 fluid-reabsorption in the distal colon. In contrast, there was no marked increase in faecal DM 301 in either hippo species. Clauss et al. (2003) suggested that in hippos the capacious fore-302 stomach does not allow sufficient space for a water-reabsorbing colon, hence limiting these 303 animals to an aquatic lifestyle. 304
The observed reduction of particle size from the stomach to the rectum in particular in 305 pygmy hippo and sloth could be due to diet components low in structural cell wall, and in 306 sloth also due to very long ingesta retention times (Foley et al., 1995) -similar to 307 observations on food low in structural fibre that is continuously reduced in particle size during 308 a long ingesta passage along the digestive tract of dugongs (Lanyon & Sanson, 2006) . 309
Although the physical size degradation of particles beyond the fore-stomach is usually of low 310 magnitude in ruminants and macropods (Poppi et al., 1980 ; Freudenberger, 1992), we 311 observed finer digesta in rectum than fore-stomach contents in wallabies. 312
In wallaby, peccary, pygmy and common hippo, particle size in the connecting 313 compartment of the fore-stomach did not differ from the glandular stomach, but in the one 314 sloth studied, particle size was smaller in the former. For comparison, we calculated mean 315 particle sizes from sieving results of Freudenberger (1992) for Macropodinae (N=4: wallaby, 316
Macropus robustus robustus, and euro, M. r. erubescens) and of Foley et al. (1995) for 317
Bradypodidae (N=6, three-toed sloth, Bradypus tridactylus), assuming a maximal particle size 318 of 20 and 10 mm, respectively. In accord with our results, particle size in the connecting 319 compartment of the fore-stomach was the same as in the glandular stomach of the wallaby 320 (Freudenberger, 1992: 1.38 vs. 1.35 mm). In contrast to our result, particle size in sloth 321 studied by Foley et al. (1995) compatible with the observed difference in solute and particle marker excretion. In accord 364 with our expectation, fore-stomach compartments of peccaries and the sloth did not indicate a 365 moisture gradient. However, the absence of such a moisture gradient in the pygmy hippos, for 366 which a distinct separation of solute and particle ingesta has been demonstrated in passage 367 studies, suggests that the measurement of ingesta DM content after death may not yield 368 conclusive results in all cases -especially when guts could not be kept in physiological 369 position. 370
In macropods, radiological studies demonstrated active extrusion of the solute phase 371 along the gastric sulcus but poor reabsorption of solute into the digesta plug (Lentle et al., 372 2002). Therefore, we had expected DM content to be lower in digesta sampled from the 373 periphery of the tubiform fore-stomach than from its centre. This difference existed 374 numerically but not statistically, suggesting that the function of haustra needs to be 375 investigated by other mechanisms than dissections of dead animals. 376 As predicted, mean particle size was not smaller in ventral and peripheral than dorsal 377 and central regions of the fore-stomach of wallabies, peccaries, pygmy and common hippos 378 and sloth. Only in the visceral blindsac of pygmy hippos, particle size was numerically (but 379 not significantly) smaller in the ventral than dorsal region. Langer (1976) found higher 380
proportions of small particles in the ventral than dorsal region of the visceral blindsac of the 381 one common hippo studied. In sloth, mean particle size calculated from sieving results of 382
region (fundus/connecting compartment 1, 2.6 mm). 384
To conclude, some digesta fractionation does occur in the fore-stomach of the studied 385 groups of non-ruminants, but not in a uniform manner, which in turn is in accordance with 386 morphological dissimilarities of their respective foregut structures. The absence of systematic 387 fractionation effects in non-ruminant foregut fermenters emphasizes the innovative character 388 of the sorting mechanism in ruminants. Sacciform 1: in peccary "anterior blindsac", in hippo "visceral blindsac"; in sloth dorsal: "fundus/cranial part of central pouch", ventral: "central pouch". Sacciform 2: in peccary "upper blindsac", in hippo "parietal blindsac"; in sloth "fundus/ diverticulum". Connecting: in wallaby "tubiform fore-stomach", in peccary "gastric pouch", in hippo "connecting chamber", in sloth "connecting pouch" 583 Sacciform 1: in peccary "anterior blindsac", in hippo "visceral blindsac"; in sloth dorsal: "fundus/cranial part of central pouch", ventral: "central pouch". Sacciform 2: in peccary "upper blindsac", in hippo "parietal blindsac"; in sloth "fundus/ diverticulum". Connecting: in wallaby "tubiform fore-stomach", in peccary "gastric pouch", in hippo "connecting chamber", in sloth "connecting pouch" 
